The calcination and thermal degradation behaviors of surfactants in mesoporous silicas SBA-15 and MCM-41 were investigated by FT-IR, 13 C CP/MAS NMR, TG/DTA, and GPC. It was found that carboxylic acid-containing products were generated as active the latter materials were used as templates. The carboxylic acid-containing mesoporous silica obtained showed a catalytic activity for hydrolysis of sucrose. The acidity was evaluated by means of NaOH titration. The acidity sensitively depended on both the calcination temperature and the atmosphere; the maximum appeared at 150 °C in air for SBA-15 where the highest activity was observed. However, the product in MCM-41
materials, several studies have reported the synthesis of mesoporous silicas functionalized with sulfonic [22] [23] [24] [25] [26] [27] [28] and carboxyl groups [29, 30] . These functionalized mesoporous materials can be synthesized by the oxidation of mesoporous silicas containing thiol (-SH) and cyano (-CN) groups; these silicas are prepared either by silylation with mercaptopropyl trimethoxysilane (MPTMS) and cyanoethyltriethoxysilane (CETES) or by a one-step hydrolysis and co-condensation of alkoxysilanes and MPTMS or CETES. However, these synthesis methods are inconvenient because they involve multiple-steps; in fact, it has been observed that the use of a strong oxidant such as H 2 O 2 leads to the destruction of a part of the mesoporous silica framework [31] .
The synthesis of mesoporous silica involves the use of surfactant micelles as templates for the assembly and subsequent condensation of silica sources, followed by the removal of the surfactants. The surfactants are usually removed by calcination at high temperatures. Although the influence of calcination on the physicochemical properties of mesoporous silica has been widely investigated [32] [33] [34] [35] [36] [37] , few studies have reported the calcination and thermal degradation behavior of the surfactant in the mesopores [37, 38] . After conducting detailed analyses such as 13 C MAS NMR, FT-IR, and mass spectrometry, Kaliaguine et al. reported that terminal formate groups (O=CH-O-) were generated during the thermal degradation of a surfactant triblock copolymer in the mesopores of SBA-15 [38] .
In this study, we investigated the calcination and thermal degradation behaviors of surfactants, triblock copolymer and cetyltrimethylammonium bromide, used as templates in mesoporous silicas SBA-15 and MCM-41, respectively, and we proposed a simple method for the preparation of carboxylic acid-containing products in the mesopores by the calcination and thermal degradation of a surfactant. The catalytic performance of the acid produced in the mesopores was evaluated by measuring the sucrose hydrolysis reaction, which is considered to be a model reaction for hydrolysis of a polysaccharide such as starch or cellulose by using solid acid catalysts. 
Experimental

Materials
Characterization
X-ray diffraction (XRD) patterns were collected using a powder X-ray diffractometer (Bruker, D8 Advance) with graphite monochromatized Cu Kα radiation at 40 kV and a tube current of 40 mA. Nitrogen adsorption-desorption isotherms at -196 °C were measured using a conventional volumetric apparatus (Bel Japan, BELSORP Mini). Prior to the adsorption measurements, the samples (ca. 0.1 g) were heated at 100 °C for 10 h in a nitrogen flow. The surface areas were calculated by the Brunauer-Emmet-Teller (BET) method and the pore diameters by the Barrett-Joyner-Halenda (BJH) method.
Thermal analysis was carried out using a thermal gravimetry-differential thermal analysis (TG/DTA) apparatus (SSC/5200 Seiko Instruments). A sample of ca. 3 mg was heated in a flow of air (50 ml min -1 ) at 5 °C min -1 from room temperature to 800 °C. 13 C CP/MAS NMR spectra were recorded using a 7-mm-diameter zirconia rotor on a
Bruker Avance DRX-400 at 100.6 MHz. The rotor was spun at 6 kHz. The spectra were accumulated with 6.0-μs pulses, a 25 s recycle delay, and 1000 scans. Glycine (H 2 NCH 2 COOH) was used as a chemical shift reference. Infrared (IR) spectra were recorded on a Fourier transform infrared (FT-IR) spectrometer (JEOL JIR-7000) with a resolution of 4 cm -1 at room temperature. Each sample was pressed into a self-supporting thin wafer (ca. 10 mg cm -2 ) and placed into a quartz IR cell equipped with CaF 2 windows. Prior to measurements, each sample was dehydrated under vacuum at room temperature for 0.5 h. For acidity measurement, pyridine adsorption was also carried out at room temperature for 1 h, followed by degassing at room temperature for 0.5 h. The average molecular weights of the carboxylic acid-containing products removed from the mesoporous materials were measured by gel permeation chromatography (GPC) using a Waters 150 CV system at room temperature with tetrahydrofuran as a solvent.
Hydrolysis of sucrose
The batch-mode hydrolysis of sucrose was performed in a glass reactor. In general, was used as an eluent. Figure 1 shows the XRD patterns of SBA-15 samples calcined at various temperatures in air and in N 2 . For the SBA-15 samples calcined at >120 °C in air and at >300 °C in N 2 , a well-resolved pattern with a strong peak (100) and two weak peaks (110) and (200) was observed at around 2 theta = 1-2°, which is characteristic of SBA-15 [7] . Some of the physicochemical properties are summarized in Table 1 . The surface area and pore volume increased with the calcination temperature, reaching maximum values at 300 °C in air and at 400 °C in N 2 , and the values gradually decreased as the calcination temperature was increased further. This reduction can be attributed to lattice shrinkage by condensation of the silanol groups [37] . At various calcination temperatures, the organic contents of the SBA-15 samples calcined in air were smaller than those in N 2 , indicating that calcination in air led to decomposition of the triblock copolymer at a relatively low temperature as compared to calcination under an inert atmosphere.
Results and discussion
SBA-15
To acquire information about the organics produced from the triblock copolymer in the mesopores, we characterized the obtained SBA-15 samples by 13 To confirm this hypothesis, we carried out sucrose hydrolysis, which requires Brönsted acidic sites [41] , on the SBA-15 samples. Figure 4 shows the sucrose conversion results for the SBA-15 samples calcined at various temperatures in air and in N 2 . For calcination in air, the sucrose conversion value strongly depended on the calcination temperature. SBA-15 calcined at 150 °C in air exhibited the highest conversion. On the other hand, for calcination in N 2 , the sucrose conversion value was almost constant (ca. 8%). The tendency of sucrose conversion to depend on the calcination temperature was closely correlated to the behaviors governing the peak intensities at ca. 165 ppm in the 13 C CP/MAS NMR spectra ( Fig. 2) and at ca. 1730 cm -1 in the IR spectra (Fig. 3) . Therefore, we conclude that products containing carboxylic acid [-(C=O)O-H] are generated in the mesopores of SBA-15 by the calcination and thermal decomposition of the triblock copolymer.
The presence of acidic protons in the products was evaluated by pyridine adsorption.
In the IR spectrum shown in NaOH solution. Next, to clarify the possibility of leaching the carboxyl acid-containing product from the mesopores, we subjected SBA-15 previously calcined at 150 °C in air to repeated runs of hydrolysis. The first run of SBA-15 gave a sucrose conversion of 68%. The used catalyst was subsequently collected by filtration, washed with deionized water, and then reused in the second reaction run. This procedure was repeated three times. The sucrose conversion was 3% for the second run and 0% for the third run. To elucidate these differences in the sucrose conversion, we measured the IR spectra of the SBA-15 samples before and after sucrose hydrolysis. Figure 8 shows peaks at ca. 1730 cm -1 and 1300-1500 cm -1 , which are respectively assigned to the carboxyl groups and to the C-H groups that disappeared after the reaction; this result indicates that the catalyst component with the carboxyl groups leached into the reaction mixture. To further confirm this, we carried out the following experiments. SBA-15 calcined at 150 °C in air was dispersed in deionized water and stirred at 80 °C for 4 h. Then, the mixture was filtered and the filtrate was analyzed. The sucrose conversion for the filtrate was similar to that for SBA-15 calcined at 150 °C in air, indicating that the active component generated by the calcination and thermal degradation of the triblock copolymer was easily leached from the SBA-15 mesopores into the solution.
The average molecular weight of the active component leached from the mesopores was evaluated by GPC. The GPC curve showed only one peak. The average molecular weight was calculated to be ca. 1100. This suggests that the triblock copolymer (PEO) 20 (PPO) 70 (PEO) 20 (average molecular weight: 5800) was decomposed to form fragments with an average molecular weight of ca. 1100 during calcination at 150 °C in air. Although the exact chemical structure of active component and the formation mechanism are not clarified at the present stage, we speculate that the active component has terminal carboxyl groups at both ends. (Fig. 10) . MCM-41 calcined at 300 °C exhibited the highest conversion. The tendency of the sucrose conversion to depend on the calcination temperature was in good correlation with the behavior underlying the peak intensity at ca. 1730 cm -1 in the IR spectra (Fig. 9) , suggesting the formation of carboxylic acid-containing products. This was also confirmed from the following facts. The sucrose conversion of MCM-41 calcined at 300 °C in N 2 (ca. 4%) was considerably lower than that of MCM-41 calcined in air (ca. 50%). In the IR spectrum of MCM-41 calcined at 300 °C in N 2 , the peak at ca. 1730 cm -1 was barely visible (not shown). Fig. 7) . The lower TON value is probably due to the smaller mesopore size.
MCM-41
Finally, to investigate the possibility of product leaching, MCM-41 calcined at 11. The experimental procedure was the same as that used for SBA-15. The first run with MCM-41 gave a sucrose conversion of ca. 50%. The sucrose conversion gradually decreased in subsequent runs. Compared to SBA-15, however, the sucrose conversion did not become zero, even after 3 cycles. Figure 12 shows the IR spectra of MCM-41 samples calcined at 300 °C before the reaction and after 3 cycles. Although the peak assigned to the carboxyl groups was clearly observed at ca. 1730 cm -1 for both samples, there was a large difference in the peak intensity, indicating the leaching of an active component into the solution. However, the degree of leaching was considerably smaller than for the SBA-15 (Fig. 8 ).
Conclusions
Carboxylic acid-containing products were generated in the mesopores of SBA-15
and MCM-41 during the thermal degradation of the triblock copolymer and CTAB, respectively, which were used as templates. The acidity sensitively depended on both the calcination temperature and the atmosphere. The carboxylic acid-containing products formed from the triblock copolymer were easily leached from the mesopores of SBA-15 into the solution. However, the degree of leaching for MCM-41 was considerably smaller than that for SBA-15. Thus, our results indicate that functionalized mesoporous materials prepared by surfactant degradation in the mesopores have high potential applicability in catalyst systems. Determined by TG/DTA analysis. Table 3 Amounts 
